Introduction
Pulmonary arterial hypertension (PAH) is a rare, progressive disease with a poor prognosis. 1, 2 The currently approved therapeutic agents target three pathways known to be involved in the pathobiology of PAH: endothelin-1, nitric oxide, and prostacyclin (PGI 2 ) (IP). 3 Dual-combination therapy is established as the standard of care for patients with more than mild PAH, and is increasingly chosen in clinical practice, often as an upfront approach. 3 A recent pilot study demonstrated that triple-combination therapy may be of benefit for treatment-naive adult patients with severe PAH. 4 During the past few years, PAH-targeted therapy has undergone a significant evolution, resulting in the regulatory approval of more than 10 PAH drugs for adults, including up to five pharmacological classes and four different routes of administration. However, emerging therapeutic strategies for adult PAH, such as oral triplecombination therapy, have not been studied at all in children. Selexipag is the first orally administered IP receptor agonist with a nonprostanoid structure. 5 Selexipag is a prostacyclin mimetic that induces vasodilation and inhibits vascular smooth muscle cell proliferation. 6 The major, active metabolite of selexipag, ACT-333679, has high selectivity to the IP receptor, and its long half-life enables a twice-a-day oral dosing regimen. 6 We are convinced that the use of selexipag in children with idiopathic PAH (IPAH), or PAH associated with congenital heart disease (PAH-CHD), after repair of the underlying defect, is likely of clinical benefit. Selexipag may be especially useful when the pediatric PAH is severe and/or poorly responsive to the initial pharmacotherapy.
Herein, we summarize the-admittedly-sparse available data on the therapeutic use of selexipag in pediatric populations (at present limited to IPAH and PAH-CHD). Offlabel use of selexipag in children with severe PAH remains low relative to other PAH-targeted therapies to date. Those expert centers that pursue pediatric ''compassionate use'' of selexipag mostly administer selexipag to PAH patients as an add-on drug, i.e. together with a phosphodiesterase 5 inhibitor (PDE-5i) and an endothelin receptor antagonist (ERA), resulting in triple-oral combination PAH-targeted therapy.
In the Prostacyclin Receptor Agonist in Pulmonary Arterial Hypertension (GRIPHON) study, the risk of the primary composite endpoint of death or a complication related to PAH (hospital admission for PAH exacerbation/right ventricle failure) was reported to be significantly lower on selexipag, with 1156 adult PAH patients comparing selexipag with placebo. 7 More than 70% of the patients were receiving one or more PAH therapeutic drugs at baseline, and about 30% were treated with dual combination therapy (an ERA and a PDE-5i). In the GRIPHON trial, the risk of morbidity and mortality events decreased by 40% in the selexipag group vs the comparative group. 7 A GRIPHON substudy in 376 PAH patients highlighted the importance of preventing disease progression in adult patients with PAH. 8 This substudy showed that the addition of selexipag to dual combination therapy with an ERA and PDE-5i led to an incremental benefit similar to that seen in the overall population, including patients with World Health Organization (WHO) functional class (FC) II or III symptoms at baseline. 8 Safety concerns regarding common and rare adverse effects of selexipag have been raised and widely discussed. [9] [10] [11] The pharmacovigilance risk assessment committee of the European Medicines Agency provided an in-depth evaluation of five deaths in France and found that these fatal PAH cases were not selexipag associated; the observed mortality rates in patients treated with selexipag were similar to those treated with other PAH medications. 9 A GRIPHON substudy investigated a temporary interruption of oral selexipag in the enrolled PAH patients, 85% of whom received background medication. 10 Interruption of selexipag occurred quite frequently (111 of 574 patients), mostly due to side effects, but was well tolerated and manageable. 10 There were no episodes of acute deterioration detected during treatment interruption in these patients. 10 A more detailed discussion about selexipag use in adult PAH can be found in recent reviews. 8, [10] [11] [12] Data on the use of selexipag for pediatric PAH to date are rare. The European Pediatric Pulmonary Vascular Disease (PVD) Network currently is collecting the initial pediatric experience on the use of selexipag for PAH. The first clinical case of selexipag administration in pediatric PAH was published in 2017, demonstrating clinical and hemodynamic improvements by means of cardiac catheterization in a 12-year-old female with hereditable PAH. 13 So far, we have used selexipag in nine patients ranging from 1.5 to 17 years of age (7-76 kg, three male) and administered oral final doses of 400 to 1600 mcg twice daily. The initial incremental dosing regimen was performed with continuous monitoring in an inpatient setting, toward the best-tolerated dose. Careful dose increases from the ''hospital discharge dose'' to the final (maximum, best-tolerated) dose were conducted more recently during a close outpatient follow-up. In three of the nine patients, we noted desaturations of more than five percentage points, so that the dose at the time of such worsened pulse oximetry was reduced by 200 mcg per single dose. Such a mild dose reduction of selexipag in mild hypoxemia resulted in significant improvement of systemic saturations probably due to less intrapulmonary arteriovenous (right-to-left) shunting and subsequently lower circulating drug metabolite levels. In our experience, the most common adverse effects in children included nausea/vomiting, flushing and headache, which all decreased in severity and could be prevented or treated with antiemetics in severe cases.
Gallotti et al. 14 recently published their experience with selexipag in four children (IPAH, PAH-CHD). We and Gallotti et al. 13, 14 emphasized the need for a detailed evaluation of children with PAH by applying the gold-standard cardiac catheterization and a noninvasive diagnostic method, i.e. ventricular function and pulmonary artery flow variables determined with echocardiography. Pediatric inpatients with PAH, ill-appearing PAH patients, and those with hemodynamics and biomarkers suggesting ''high risk'' are usually started on a PDE-5i plus ERA simultaneously (as an upfront combination)-in accordance with the most recent consensus statements. [15] [16] [17] Prior to the start of an additional third agent (i.e. intravenous treprostinil, epoprostenol, or oral selexipag), all of the patients reported by Gallotti et al. or us were on PDE5i plus ERA dual therapy. Gallotti et al. transitioned their PAH children from a continuous intravenous treprostinil infusion to overlapping, outpatient selexipag, following a protocol by which selexipag is uptitrated while treprostinil is weaned.
14 Selexipag has also been used in one child with single-ventricle physiology before and after a surgical total cavopulmonary connection (TCPC); 14 however, it should be realized that Fontan (TCPC) patients are per se a high-risk population; selexipag may worsen oxygenation by opening intrapulmonary arteriovenous shunts, according to our personal experience in children with biventricular circulation. Moreover, selexipag impairs platelet function-a safety concern that must be taken into account in PAH patients, especially in those with von Willebrand disease and those with a true indication for oral anticoagulation.
Biomarkers have rarely been studied in children with PAH as discussed in the expert consensus statement of the European Pediatric PVD Network. 17, 18 There is currently no knowledge on biomarker dynamics before and during the initiation and follow-up of oral selexipag in pediatric PAH. Nevertheless, in our opinion it is most desirable to monitor biomarkers-besides pharmacokinetics/pharmacodynamics, hemodynamics and functional capacity-before and during treatment with selexipag.
One rationale for transitioning from intravenous treprostinil to oral selexipag is the concern for central venous line infections; however, innovative subcutaneously implanted, central intravenous catheter pumps most likely do have lower complication rates including central line infection 19 than percutaneously tunneled central venous catheters. Adding selexipag as a third oral PAH-targeted agent can be of benefit in patients not responding to dual therapy, patients who would otherwise be strongly recommended to receive intravenous treprostinil, and possibly be listed for lung transplantation. The concept of add-on oral selexipag to dual-oral combination therapy (PDE5i þ ERA) is powered by the idea of avoiding central venous lines, especially in very small children but also in adolescents with severe PAH who often deny central venous lines. Selexipag may be used for clinical stabilization (if feasible, since guidelines recommend intravenous prostanoid therapy in WHO class IV), and, if necessary, as a bridge to bilateral lung transplantation or reverse Potts shunt creation in pediatric PAH. 2, 16 It should be noted that the current, sparse clinical data on the oral use of selexipag in children with PAH [13] [14] [15] do not allow any conclusions regarding short-, mid-, or long-term efficacy. We found that oral selexipag has been safe in the small number of PAH children we treated off-label. Moreover, Gallotti et al. 14 reported that transitioning from parenteral to oral prostanoid in children can be pursued safely under a strict protocol. The authors also described the initiation of oral triple therapy with selexipag in a child with severe PAH.
14 Since the first clinical data on selexipag in children with PAH are now available, 13, 14 we foresee that oral selexipag use will increase over the next months and years in the pediatric age group. 20 Our assumption is supported by a biocomparison study investigating a pediatric tablet (containing 50 mg selexipag) in adults: 21 Pharmacokinetic characteristics of selexipag and its metabolite ACT-333679 were comparable in both groups, 21 making it interesting for pediatric usage, potentially in small children.
The add-on use of oral selexipag must still be considered ''experimental therapy'' and we suggest strict patient selection and enrollment in any appropriate clinical study that should include frequent echocardiographic evaluations 22 and also cardiac catheterization before and six months after the start of selexipag, as previously described. 13 The efficacy of selexipag was demonstrated in adult PAH patients, but this medication, although mentioned as a possible add-on therapy in current pediatric guidelines, 15, 17 is to date recommended only in adult PAH patients in combination with an ERA and/or a PDE-5i. Nevertheless, the available clinical experience on the use of oral selexipag for pediatric PAH, with more such studies ahead, is promising. Thus, the decision to add selexipag as a third oral PAH agent, or to replace intravenously administered PAH drugs with oral selexipag in rather ''stable'' pediatric PAH patients, might become a future strategy.
